Summary. The 
Introduction
The action of -chlorohydrin (3-chloropropan-l,2-diol) as a maie antifertility agent has been investigated in many species in vivo and with spermatozoa in vitro (see Jones, 1978 Jones, , 1983 . The mechanism of its action, which has been deduced from studies involving spermatozoa obtained from the ram (Brown-Woodman, Mohri, Mohri, Suter & White, 1978) , boar (Hutton, Dawson & Jones, 1980) , rhesus monkey, rat, hamster and man (Ford, Harrison, Takkar & Waites, 1979) , involves the inhibition of the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase (EC 1.2.1.12 ). This causes a decrease in the glycolytic flux which limits the ability of the spermatozoa to synthesize ATP. Consequently, when they are ejaculated, the affected spermatozoa have diminished motility and fertilization cannot occur.
The ( 1983). The (S')-isomer is not the inhibitory compound per se but it undergoes oxidation within mature spermatozoa to an active metabolite, (5)-3-chlorolactaldehyde (77, fig. 1 ), which possesses the same stereochemistry as (R)-or (D)-glyceraldehyde-3-phosphate, the substrate for the inhibited enzyme (Stevenson & Jones, 1982) .
In this paper we present evidence that this biotransformation within mature boar spermatozoa is performed by an NADP+-dependent dehydrogenase that is involved in the metabolism of glycerol. In addition, the activity of glyceraldehyde 3-phosphate dehydrogenase was measured in boar spermatozoa that had been incubated with (S)-a-chlorohydrin or (i?,5)-3-chlorolactaldehyde.
Materials and Methods
Chemicals and substrates. (R)-and (S)-a-chlorohydrin (Porter & Jones, 1982) and (/J,S)-[3-36Cl]-achlorohydrin (sp. act. 240 pCi/mmol) (Jones, 1975) Suspensions of washed spermatozoa were prepared at a concentration of 2-3 g/10 ml (20-35 mg protein/ml or~108 cells/ml) in modified phosphate-buffered saline (PBS) (Stevenson & Jones, 1982) . Only those samples observed by microscopic examination to contain >90% motile spermatozoa were used in the metabolic studies. Incubations were performed in stoppered Warburg flasks shaken at 120 cycles/min at 34°C for 1 h, each incubate containing washed spermatozoa (0-9 ml), (S)-oc-chlorohydrin, (Ä,S)-3-chlorolactaldehyde or PBS (005 ml) and radioactive substrate (50 nCi, 005 ml) at the concentrations indicated in Table 1 . Metabolicallyderived 14C02 was collected (Dawson, 1977) and assayed in a Beckman model LB3800 liquid scintillation counter (Stevenson & Jones, 1982) . Neutralized and deproteinized incubation solutions (Stevenson 8c were used for the assay of fructose 1,6-bisphosphate, dihydroxyacetone phosphate and glyceraldehyde 3-phosphate by the method of Michal 8c Beutler (1975) . Protein was estimated (Lowry, Rosebrough, Farr & Randall, 1951) (Jones, Stevenson, Hutton & Dawson, 1981) .
Assay of glyceraldehyde 3-phosphate dehydrogenase activity. Suspensions of washed boar spermatozoa (5 ml) were incubated at 34°C. The substrates were either D-fructose (1 mM) or glycerol (10 mM) and the incubates contained (S)-a-chlorohydrin (0-5 mM), (Ä)-a-chlorohydrin (10 mM) or (Ä,5)-3-chlorolactaldehyde (5 mM). After 1 h, these incubations, together with the appropriate control incubations, were centrifuged at 3000# for 5 min at 4°C. The sperm pellets were suspended in 1-25 ml sucrose (0-25 m) containing EDTA (1 mM) and disrupted by sonic oscillation (20 kHz) at 4°C in 0-5-min bursts for a total of 5 min. The suspensions were centrifuged at 20 000 # for 10 min at 4°C and the supernatant solutions were used for assays of glyceraldehyde 3-phosphate dehydrogenase activity by the method of Velick (1955) .
Results

Inhibition of the oxidation of substrates to C02
The effects of (S)-oc-chlorohydrin or (Ä,S)-3-chlorolactaldehyde on the oxidation of various re¬ labelled substrates to 14C02 by boar spermatozoa are summarized in Table 1 . A high concentration (5 mM) of (S)-a-chlorohydrin had no effect on the oxidative metabolism of lactate or pyruvate but 
Glycerol 3-phosphate (2 mM) Glycerol 3-phosphate (2 mM) Glycerol 3-phosphate (2 mM) Glycerol 3-phosphate (2 mM) Glycerol 3-phosphate (2 mM) Glycerol (1 mM) Glycerol (10 mM) Glycerol (1 mM) Glycerol (10 mM) Glycerol (1 mM) Glycerol (10 mM) Glycerol (1 mM) Glycerol (10 mM) Preincubation of spermatozoa with (S)-a-chlorohydrin The oxidation of fructose was inhibited by 85% when 0-5 mM-(S)-a-chlorohydrin was added at the same time as the substrate but by 95% when the (S)-a-chlorohydrin was added 2-5 min before the fructose (Table 3) . (S)-a-chlorohydrin (0-5 mM) had no effect on the oxidation of glycerol when the two substances were added simultaneously but when the spermatozoa were preincubated with 0-5 mM-(S)-ot-chlorohydrin for 2-5 min the oxidation of glycerol was inhibited by almost 90%. (Hers, 1962 ). The dehydrogenase extract was able to oxidize both glycerol and (S)-a-chlorohydrin when NADP+ was present but not when the co-factor was NAD+. There was no activity with either cofactor when (Ä)-a-chlorohydrin was added to the dehydrogenase preparation. Activity of sperm glyceraldehyde 3-phosphate dehydrogenase Boar spermatozoa were incubated for 1 h at 34°C with fructose (1 mM) or glycerol (10 mM) as substrates. When the spermatozoa were disrupted by sonic oscillation, the activities of glyceraldehyde 3-phosphate dehydrogenase were 5-56 ± 1-07 and 6-72 ± 1-16 nmol glyceraldehyde 3-phosphate oxidized/min/mg protein, respectively, at pH 8-5 and 25°C. With fructose as the substrate, the presence of 0-5 mM-(S)-a-chlorohydrin in the incubation medium reduced the activity of the enzyme by~60%, whereas the presence of 10 mM-(Ä)-a-chlorohydrin had no significant effect (Table 4) . With glycerol as the substrate, 0-5 mM-(5)-a-chlorohydrin had no significant effect on the activity of glyceraldehyde 3-phosphate dehydrogenase. In the presence of 5 mM-(Ä,S)-3-chlorolactaldehyde the activity of the enzyme was reduced by~35% (fructose as substrate) and 28% (glycerol as substrate).
Discussion
Boar spermatozoa are capable of converting (S)-a-chlorohydrin into (5)-3-chlorolactaldehyde and this metabolite inhibits glyceraldehyde 3-phosphate dehydrogenase (Stevenson 8c Jones, 1982) . The conversion of (S)-a-chlorohydrin into (S)-3-chlorolactaldehyde was confirmed by comparing the effects of (S)-a-chlorohydrin and (Ä,5)-3-chlorolactaldehyde on the oxidative metabolism by boar spermatozoa of specific glycolytic substrates to C02. (S)-a-Chlorohydrin inhibited the oxidation of both fructose and glycerol 3-phosphate but had no effect on the oxidation of either substrate when glycerol was present. (Schenkman, Richart & Westerfeld, 1965; Ford, 1981) . However, as the activity of glycerol kinase is low in boar spermatozoa (Mohri & Masaki, 1967) , there may be an alternative pathway involving the oxidation of glycerol to glyceraldehyde which could then produce glyceraldehyde 3-phosphate. Our results can be explained if such a pathway operated in boar spermatozoa and if the enzyme responsible was able to convert (S)-achlorohydrin to (5)-3-chlorolactaldehyde. There are three classes of enzymes that are capable of interconverting aldehydes and primary alcohols; aldose reductases, NAD+-dependent alcohol dehydrogenases and NADP+-dependent glycerol dehydrogenases. Our preparation of aldose reductase(s) from boar spermatozoa (O'Brien & Schofield, 1980) used glyceraldehyde and (R,S)-3-chlorolactaldehyde as substrates but not glycerol or (S)-a-chlorohydrin. This is characteristic of this class of enzyme in which the reaction is overwhelmingly in favour of alcohol formation (Flynn, 1982) . However, when boar spermatozoa were processed to yield a fraction of high dehydrogenase activity (Kormann et ai, 1972) , the oxidation of glycerol and (S')-a-chlorohydrin proceeded in the presence of exogenous NADP+ but not in the presence of NAD+. Addition of 2,4-dinitrophenylhydrazine reagent to these NADP+-catalysed reactions, in which [U-14C]glycerol and [3-36Cl]-(Ä,5')-a-chlorohydrin were the substrates, enabled the isolation of radioactive 2,4-dinitrophenylhydrazone derivatives which were identified as those of, respectively, glyceraldehyde and 3-chlorolactaldehyde of unknown configuration. Since there was no reaction when (R)-achlorohydrin was offered as a substrate we propose that this conversion is specific for (S)-otchlorohydrin and that the product is (5)-3-chlorolactaldehyde.
Therefore, an NADP+-dependent enzyme, which may be a glycerol dehydrogenase (Kormann et ai, 1972) , which is capable of oxidizing glycerol to glyceraldehyde and (,S)-a-chlorohydrin to (S)-3-chlorolactaldehyde, is present in boar spermatozoa. The involvement of glycerol in the antifertility activity of a-chlorohydrin has been observed on many occasions. Coppola (1969) was the first to describe a-chlorohydrin as a "metabolic antagonist" of glycerol while others suggested that it was a "toxic form of glycerol" (Gunn, Gould & Anderson, 1969; Brown-Woodman & White, 1976) . Metabolic studies with ram spermatozoa in vitro led Brown-Woodman et ai (1978) to comment that "the relatively high concentration of a-chlorohydrin required to inhibit the metabolism of glycerol was completely unexpected" while Edwards, Dacheaux & Waites (1976) reported that "the presence of glycerol apparently protects spermatozoa from this damage [inhibition of glycolysis by a-chlorohydrin], which suggests that some derivative of a-chlorohydrin is formed by spermatozoa and is the active agent in the inhibition of glycolysis". With the demonstration that an NADP+-dependent enzyme is involved in the production of (5)-3-chlorolactaldehyde, these observations can now be explained. Glycerol and (S)-a-chlorohydrin can probably compete as substrates for this enzyme so that the presence of glycerol would suppress the amount of (S)-3-chlorolactaldehyde which could be produced to a level below that which is necessary to inhibit glyceraldehyde 3-phosphate dehydrogenase.
The second process that is involved in the anti-glycolytic action of (S)-a-chlorohydrin is the inhibition of glyceraldehyde 3-phosphate dehydrogenase by (S)-3-chlorolactaldehyde. While metabolic studies have shown that the accumulation of the triose-phosphates and fructose 1,6-bisphosphate is indicative of the inhibition of this enzyme, no direct evidence has so far been produced. The activity of glyceraldehyde 3-phosphate dehydrogenase was determined in extracts of boar spermatozoa that had been incubated with fructose or glycerol as substrates. When the incubations with fructose were performed in the presence of (S)-a-chlorohydrin, the activity of the enzyme was significantly reduced although there was no effect when (Ä)-a-chlorohydrin was present in the incubate in higher concentrations. This can be interpreted as an inhibition of the enzyme by (5)-3-chlorolactaldehyde which was produced by the spermatozoa from the (S)-achlorohydrin. With glycerol as the carbon source, however, the presence of (S)-a-chlorohydrin had no effect on the activity of glyceraldehyde 3-phosphate dehydrogenase since the presence of glycerol would decrease the amount of (S)-3-chlorolactaldehyde that would be produced by the NADP+-dependent dehydrogenase. Confirmation of these proposals was obtained when the incubations were performed in the presence of (/?,S)-3-chlorolactaldehyde : for each substrate, the activity of glyceraldehyde 3-phosphate dehydrogenase was significantly reduced. A much higher concentration of exogenous (Ä,5)-3-chlorolactaldehyde is required to inhibit sperm glyceraldehyde 3-phosphate dehydrogenase compared to that which is produced endogenously from (S)-a-chlorohydrin. This may be due to there being a limitation on the passage of (,S)-3-chlorolactaldehyde across the sperm membrane. Evidence for this has been obtained in a previous study which involved the incubation of boar spermatozoa with (Ä,5)-[3-36Cl]-achlorohydrin (Stevenson & Jones, 1982 indicating that the passage of (5)-3-chlorolactaldehyde across the sperm membrane is not as facile as is the case with the isomers of a-chlorohydrin which, when incubated with boar spermatozoa, rapidly enter the cells (Stevenson & Jones, 1982 fig. 2 ). The speciesspecificity of (S)-a-chlorohydrin as an antifertility agent may be due to one or both events not being able to occur within the spermatozoa of a particular species. For example, the fertility of male rabbits is unaffected by administration of high doses of (A,5)-a-chlorohydrin (Ericsson, 1970; Samojlik & Chang, 1970) and this could be due to the inability of rabbit spermatozoa to oxidize readily (S)-a-chlorohydrin to (S)-3-chlorolactaldehyde (Ford & Jones, 1983) . When rabbit spermatozoa were incubated in the presence of low concentrations of (/?,5)-3-chlorolactaldehyde, the glycolytic flux was decreased due to the specific inhibition of glyceraldehyde 3-phosphate dehydrogenase (Ford & Jones, 1983) .
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